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The evolution in the dark of physiochemical properties and chemical composition of smoke particles
emitted from wheat straw burning, as well as the effect of relative humidity (RH) on these properties,
was investigated in an aerosol chamber. The smoke particles are composed primarily of carbonaceous
materials and a considerable amount of inorganic salts (~25 wt.%). During aging, the fraction of inorganic
salts in smoke PM1.0 increases, mainly due to the formation of more sulfate and nitrate at the expense of
chloride; this heterogeneous conversion is facilitated at high RH. The hygroscopicity parameter kH of
fresh smoke particles is 0.27 and this is estimated to decrease by 0.01 after 4 h dark aging. Both aging and
high RH lead to increases of particle size and density. The effective densities of smoke PM2.5 and PM1.0
deduced from concurrent mass and volume concentration measurements gradually increase from about
1.18 to 1.44 g/m3 within 4 h aging at 45%e55% RH, in line with the results obtained both from size-
resolved particle density analysis using an aerosol particle mass analyzer (APM) and from estimation
using composition-weighted bulk densities. The density of smoke particle is size-, RH-, and aging extent-
dependent; the size effect becomes less pronounced with aging.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The emission of carbonaceous aerosols from agricultural waste
burning contributes greatly to the deterioration of atmospheric
quality in some developing countries (Saikawa et al., 2009; Andreae
and Merlet, 2001). In China, it was estimated that ﬁeld burning
consumes over 20% (equivalent to 100e120 Tg) of the total: þ86 21 65642080.
, jdonalds@chem.utoronto.ca
Ltd. This is an open access article uagricultural waste each year, generating large amounts of smoke
particles consisting of humic-like substances, polycyclic aromatic
hydrocarbons (PAHs), and black carbon, which have a signiﬁcant
impact on human health, climate changes, and atmospheric
chemistry (Lin et al., 2010; Cao et al., 2011; Li et al., 2007; Zhang
et al., 2011). The large-scale emission of smoke particles during
harvest degrades the visibility and threatens public health
(Kennedy, 2007; Jung et al., 2009). In addition, suspended smoke
particles may act as sites for heterogeneous chemical processes,
and inﬂuence local and regional climate, though direct and indirect
aerosol effects. For these reasons, it is of great interest to under-
stand the physiochemical properties and environmental effects of
smoke particles, which may certainly change as the particles arender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Many studies have focused on the physicochemical properties
and environmental/health effects of fresh or photo-oxidized
biomass burning particles via ambient investigation, chamber-
simulation, remote-sensing, model calculation, or epidemiological
research (Zha et al., 2014; Bølling et al., 2009; Hays et al., 2005;
Mukherjee et al., 2013; Reid and Hobbs, 1998; Sarnat et al., 2008;
Zauscher et al., 2013). Reid et al. (2005) and Zauscher et al. (2013)
found that the diameter and chemical compositions of wood ﬁre
particles changed rapidly during the daytime. Li (2003) observed
that KCl in biomass burning aerosol partly transformed to K2SO4
and KNO3 upon photochemical aging. Grieshop et al. (2009) and
Hennigan et al. (2011) found that photochemical oxidation
increased organic aerosol emissions fromwood ﬁres. Giordano and
Asa-Awuku, 2014, Giordano et al. (2013) examined the hygro-
scopicity and surface tension properties as a function of photo-
chemical aging of biomass burning aerosol. Engelhart et al. (2012)
measured hygroscopicity of different smoke particles and found
the cloud condensation nuclei (CCN) activity was impaired by
photo-oxidation.
These studies suggest that there can be signiﬁcant physico-
chemical changes associated with the photochemical aging of
fresh smoke particles. However, ﬁeld burning is now happening
mostly at night in China to circumvent recent rigorous policy that
forbids agricultural ﬁres. Since there is no sunlight during the night
and the ﬂuctuation of nighttime relative humidity (RH) is great, it is
desirable to study the evolution of smoke particles in the absence of
light and as a function of RH. Water vapor may amplify the envi-
ronmental effects of smoke particles in haze formation and the
deterioration of visibility (Shi et al., 2014; Jung et al., 2009), and it
may also change the micro-structure and physiochemical proper-
ties of aerosol during aging and transport (Rubasinghege and Vicki,
2013; Cocker Iii et al., 2001; Lewis et al., 2009). Nevertheless, the
dynamic inﬂuence of humidity on the evolution of smoke particles
is still undeﬁned in the ambient environment, which limits our
overall understanding of the atmospheric process and ultimate
impacts of smoke particles.
Here we report the results of an aerosol chamber simulation
that aimed to characterize the evolution of some physiochemical
properties and chemical composition of agricultural ﬁre smoke
particles exposed to different humidities in the dark, and the
relationship between the chemical evolution and thermodynamic
property changes were also explored. Wheat straw, accounting for
about 25% of total agricultural waste yield in China, was chosen as
representative of crop residues. This work adds to the knowledge
base regarding atmospheric chemistry and climate change effects
related to biomass burning.
2. Experimental section
2.1. Setup and general procedures
The effects of relative humidity on smoke particle aging in the
dark were investigated by injecting emissions from wheat straw
burnings into an aerosol chamber. The experimental system is
located in a temperature/RH-controlled room, and includes a
specially designed combustion stove, a stainless-steel aerosol
chamber (4.504 m3 in volume and 0.3 mm Teﬂon inner coat), and
sampling instruments (Fig. S1 in the Supporting Information: SI).
Detailed descriptions can be found elsewhere (Zhang et al., 2011).
Before each test, the chamber was scrubbed using aqueous ethanol
(50%v/v), ﬂushed with HEPA-ﬁltrated air, and subjected to oxida-
tion by high-concentration ozone (~3 ppm) for 12 h. After cleaning,
the chamber was humidiﬁed and evacuated to a predeﬁned RH
(25%e95% RH) and pressure (90 kPa). Smoke particles formed fromthe burning of 2.0 g wheat straw (dehydrated at 100 C for 24 h) in
the sealed combustion stove were introduced to the chamber using
a particle-free air supply; this introduction took less than 5 min
until the chamber reached ambient pressure, at which time the
chamber was sealed and the experiment began. Magnetic fans ﬁxed
at the bottom of the chamber ensured mixing of the chamber
contents. The evolution of the smoke particles' properties was
monitored for 4 h, during which time the chamber temperature
and RH were also tracked using a hygroclip monitor (model IM-4,
Rotronic). During each test, the chamber RH ﬂuctuated within 5%,
and the temperature was around 20 C. Experiments were con-
ducted at different humidities, classiﬁed into 4 humidity groups
(25%e35%, 45%e55%, 65%e75%, 85%e95% RH). At least 4 tests were
repeated in each group.
2.2. Modiﬁed combustion efﬁciency (MCE)
To distinguish between ﬂaming and smoldering combustion
conditions and to ensure repeatability of agri-ﬁre simulations, the
modiﬁed combustion efﬁciency (MCE) of the burning processes
was deduced by measuring CO and CO2 concentrations using GC
(Model 930, Shanghai Hai Xin Gas Chromatograph Co., LTD) (Reid
et al., 2005). More details are given in SI. The MCE was
0.91 ± 0.03 for all tests, indicating that the ﬂaming phase domi-
nated in these experiments, comparable to the result from ﬁeld
burning campaigns (Li et al., 2007).
2.3. Particle concentrations measurement
Particle concentrations were continuouslymonitored during the
4 h aging. The particle size, number, and volume were directly
measured using a combination of wide-range particle spectrometer
(WPS, Model 1000XP, TSI Inc., USA) and aerodynamic particle sizer
(APS, Model 3321, TSI, Inc., USA). The WPS was operated in a
scanning mobility spectrometer (SMS) mode (PM0.5 cutoff e short
DMA e CPC, 0.3 L/min, 3 min/loop, 48 channels) covering electrical
mobility diameters from 10 to 500 nm; The APS detects particles
possessing aerodynamic diameters from 0.5 to 20 mm (1.0 L/min,
3 min/loop, 51 channels). These size distributions were merged by
assuming an effective density of spherical smoke particle to be
1.30 g/cm3 (see SI). PM2.5 and PM1.0 volume concentrations were
transformed from particle number concentrations. The WPS and
APS were calibrated with polystyrene latex sphere particles (PSLs,
0.04, 0.08, 0.22, 0.70, and 1.50 mm,1.05 g/cm3, Duke Scientiﬁc, USA)
generated from an atomizer (Model 3076, TSI Inc., USA) before the
test.
Real-time smoke particle dry mass concentrations of PM2.5 and
PM1.0 were measured using two aerosol monitors (AM510, Side-
pak™ Personal Aerosol Monitor, Model 510, TSI, Inc., USA,1.6 L/min,
resolution of 1 mg/m3) with 2.5 and 1.0 mm impact cutoff kits. A
dilutor system (dilution ratio 5:1) was applied in front of AM510 to
ensure the real mass concentration fell into the detection range
(0e20 mg/m3). Zero calibration was conducted before each test,
and a humidity effect calibration was made prior to the experi-
ments (Figs. S2eS3, SI).
2.4. Effective particle density measurement
Effective density of smoke particle in dry mobility diameter of
100e400 nm is characterized using a home-fabricated TDMA-APM
system which has been described in detail previously (Hu et al.,
2011; Zhang et al., 2011). An aerosol mass analyzer (APM, Model
3601, Kanomax Inc.) is combined to classify aerosol particles ac-
cording to the mass-to-charge ratio. Brieﬂy, smoke particles from
the chamber are charged using radiation from a 210Po source, and
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naﬁon tube, then size-selected by the ﬁrst DMA (DMA1, Model
3081, TSI Inc.). Afterward, the monodisperse particles are intro-
duced into the APM and a condensation particle counter (CPC,
Model 3771, TSI Inc.). Finally, mass distributions are obtained by
voltage scanning and particle counting. The effective density can be
calculated by the following equation:
ri ¼
mi
Vi
¼ mi
p
6Di
3 (1)
where ri and mi are size-speciﬁc density and mass of particle at
mobility diameter Di.
Before measurement, TDMA-APM system was calibrated using
PSL (40, 80, and 220 nm, 1.05 g/m3, Duke Scientiﬁc) and (NH4)2SO4
particles (1.77 g/m3) produced from an atomizer (Model 3076, TSI,
Inc.) purged with high purity N2. The average effective densities of
PSL and (NH4)2SO4 particle were measured as 1.07 ± 0.01 and
1.73 ± 0.03 g/m3, which are in good agreement with material
densities.
2.5. Hygroscopicity measurement
Measurement of smoke particle hygroscopicity is performed
using an H-TDMA system that measures the new size distribution
of individual particles after hygroscopic growth. Brieﬂy, dehydrated
and charged particles are ﬁrst selected by DMA1, then introduced
into the humidiﬁer (multitube Naﬁon humidiﬁer, Model PD-70T-
24ss, Perma Pure Inc.) at a deﬁned RH to grow to a new diameter
when water vapor condenses or is absorbed; the new size distri-
bution is measured by DMA2. The hygroscopic growth factor (GF) of
a particle is deﬁned as the ratio of the humidiﬁed diameter at a
certain RH to the initial dried diameter:
GFiðRHÞ ¼
DHi
Di
(2)
where Di is initial dried particle diameter selected from DMA1, DHi
is new diameter of humidiﬁed particle.
In this study, approximately 2.5 s of exposure is allowed in the
humidiﬁer, which is sufﬁcient to obtain hygroscopic equilibrium.
The functioning of the DMAs is checked with PSL (40, 80, and
220 nm, Duke Scientiﬁc) periodically, and the accuracy of RH con-
trol is calibrated by measurement the deliquescence RH (DRH) of
(NH4)2SO4 particles prior the test.
2.6. Filter sampling of PM1.0 and single particle analysis
PM1.0 was collected from the chamber by a high-volume
sampler with a 90 mm nucleopore quartz ﬁlter (Tissuquartz, Pall
Corp., USA) at 100 L/min (HY-100, Qingdao Hengyuan S.T. Devel-
opment Co., Ltd, China). During the 4 h evolution of smoke aerosol,
5 samples in one series were collected at the initial time and every
hour thereafter; it took 5 min to complete each sampling. In total, 6
series of ﬁlters (30 sampling ﬁlters and 4 blank ﬁlters) were
collected (3 series of samples in 45%e50% RH, and 3 series of
samples in 75%e80% RH). The ﬁlters were prebaked at 450 C for
6 h to remove organic contaminants before usage. They were
conditioned for 24 h (40% RH, 22 C) before and after sampling, and
weighed on a microbalance (Sartorius BP211D, resolution of 10 mg).
OC (organic carbon) and EC (elemental carbon) were determined by
a thermal-optical aerosol analyzer (Sunset Laboratory Inc., Forest
Grove, OR) based on the thermal-optical transmittance (TOT)
method with a modiﬁed NIOSH-5040 (National Institute of Occu-
pational Safety and Health) protocol. Water-soluble organic acidsand ionic species including CH3COOH, MSA, C2H2O4, HCOOH, Cl,
SO4
2, NO3
, Kþ, NH4þ, Mg2þ, and Ca2þ were quantiﬁed by an ion
chromatograph (IC, model: 850 Professional IC; UMetrohm, USA)
equipped with separation columns (Metrosep A Supp 7 250/4.0 for
anion and organic acids, Metrosep C4 150/4.0 for cations, see SI).
The quality of the data was conﬁrmed by standard calibration, re-
covery and operational blank correction.
To obtain the morphology and mixing state changes of indi-
vidual particles, fresh and 4 h aged smoke particles at 45%e55% RH
were collected onto the 300-mesh copper grids coated with carbon
ﬁlms using a single-stage cascade impactor with a 0.5mmdiameter
jet nozzle at a ﬂow rate of 1.0 L/min, then individual particle was
imaged using JEOLe2100F transmission electron microscope
(TEM). More information about the sampler can be found else-
where (Fu et al., 2012).
3. Result and discussion
3.1. Evolution of smoke particle size
Fig. 1 displays representative results of the time evolution of the
smoke particle distributions measured at 50% RH over the 4-h
experiment. Smoke particles from wheat straw burning exhibit a
unimodal number size distribution (Fig. 1a), with a peak near
110 nm diameter, and a bimodal volume size distribution (Fig. 1b),
with peaks at 0.2e0.3 mm and at 5e7 mm diameter. Although the
volumes (assuming spherical particles) of the two modes are
similar, there are only a few of the larger diameter particles per cm3
of air, compared to the initial concentration of ~106/cm3 of those in
the accumulation mode.
Over the course of the experiment, a pronounced increase of
particle size is observed, in line with previous lab research and
ambient investigation (Reid and Hobbs, 1998; Zhang et al., 2011). As
shown in Fig. 1a, the median diameter of accumulation mode par-
ticles grows by almost 100 nm over the 4 h of aging, and the
breadth of the distribution shrinks considerably. At the same time
as the growth in size, Fig. 1c shows a distinct decrease in both the
particle mass and volume concentrations over the time of the
experiment. The decrease of PM1.0/PM2.5 ratios from ~0.9 to ~0.7
indicates a more rapid change in PM1.0 concentrations (Fig. 1d).
These size and concentration changes must be the result of some
combination of microstructure changes, particulate coagulation,
and gaseparticle interactions, including condensation, evapora-
tion, or heterogeneous reactions (Seinfeld and Pandis, 2012). Size-
dependent particle loss on the chamber walls will give rise to
overall loss of concentration, and may also alter the shape of the
particle size distribution (Crump et al., 1982).
According to the hygroscopicity analysis presented in Fig. S4,
hygroscopic growth of smoke particles at 50% RH can be neglected.
Therefore, the density of PM1.0 and PM2.5 can be directly derived
from mass and volume concentrations. As illustrated in Fig. 1d, PM
densities increase from 1.18 to 1.45 g/cm3, and PM1.0 density is
slight larger and increases more rapidly than that of PM2.5.
Fig. 2 summarizes the growth in size of smoke particles in the
chamber under four RH groups: 25%e35% RH (RH1), 45%e55% RH
(RH2), 65%e75% RH (RH3), and 85%e95% RH (RH4). The initial
geometric mean diameter (GMDN) values in the four RH ranges are
112 ± 3, 117 ± 5, 128 ± 5, and 166 ± 8 nm, respectively. Note that
average diameter at t ¼ 0 varies with RH, because it takes about
5 min to introduce the exhaust into the chamber before size dis-
tribution monitoring, which is sufﬁciently long for smoke particles
to reach hygroscopic growth equilibrium. For all RH values, the
growth of particle size as a function time is well ﬁtted by an
exponential growth rate, with a time constant t0 (see SI for more
details). The inset to Fig. 2 illustrates that t0 shows a linear negative
Fig. 1. Time proﬁles of: a) smoke particle number size distribution; b) smoke particle volume size distribution; c) PM1.0 and PM2.5 dry mass and volume concentrations; d) PM
density and PM1.0/PM2.5 ratio in mass and volume [chamber environment: 50 ± 2% RH, 19.7 ± 1.5 C].
Fig. 2. Time series of smoke particle geometric mean diameter (GMD in term of
number concentration as GMDN) under different humidity conditions during aging in
aerosol chamber; exponential decay ﬁtting of GMD changes is performed, the ﬁtting
function isy ¼ y0  Ae
x
t0 . The inset graph shows trends of t0 as a function of RH.
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particle growth, perhaps by boosting the coagulation or gas-to-
particle processes. The index t0 is used to indicate particle
growth rate, the more rapid size growth is in response to smaller t0
(SI). Here t0 is lineally negative correlated with RH in Fig. 2, con-
ﬁrming that water vapor accelerates the particle growth byboosting the coagulation or gas-to-particle process.
The positive shift of GMD (GMDV in Fig. S5, SI) as a function of
RH is consistent with hygroscopic growth of smoke particles; the
GMDN increases with an increase in RH, noticeably at RH >65%. As
illustrated in Fig. S4, smoke particles are weakly hygroscopic below
60% RH, where growth factors (GFs) are less than 1.05. With an
increase of RH, GFs increase to 1.09 and then 1.28 at 70% and 80% RH
respectively, and no deliquescence transition is observed. Taking
GMDN at RH1 (t¼ 0) as the initial dry particle diameter, the ratios of
GMDN at RH2, RH3, and RH4 divided by GMDN at RH1 are 1.04, 1.14,
and 1.48, respectively, all larger than the corresponding GFs. This
observation also indicates that particulate coagulation or gas-to-
particle transformation processes are facilitated by water vapor.
Smoke particle concentration changes should be an integration
of wall loss and other mass transfer process. To simplify analysis,
ﬁrst-order loss functions were used to ﬁt the decrease of smoke
particle mass and volume concentrations with time (Fig. S6, see SI
for details). As discussed in the Supporting Information, the
calculated ﬁrst-order loss coefﬁcient depends on the particle size
and also varies lineally with RH, indicating that moisture acceler-
ates the attenuation of smoke particles. Since the wall loss rate is
not merely a function of particle size (Crump et al., 1982), but is
affected by the degree of polydispersity (Park et al., 2001), poly-
dispersed BC particles with size distributions similar to those of
smoke particles were used to test the particle wall loss. The results
are given in Fig. S10 and Table S1.3.2. Evolution of smoke particle density associated with RH effect
The evolution of size-resolved (100e400 nm) smoke particle
density at 50%e55% and 90%e95% RH was characterized using a
C. Li et al. / Atmospheric Environment 120 (2015) 244e252248differential mobility diameter analyzer-aerosol particle mass
analyzer-condensed particle counter system (DMA-APM-CPC). As
shown in Fig. 3, and consistent with Fig. 1d, particle densities in-
crease during aging in the chamber; moreover, there is a signiﬁcant
size- and RH- dependence to the increase. At relative dry condition
shown in Fig. 3a, particle densities show a wide, size-dependent
range, from 1.23 to 1.27 g/cm3, and undergo rapid changes within
the initial 120 min, increasing to 1.31e1.34 g/cm3 before become
stable. Under the high humidity conditions illustrated in Fig. 3b, the
size-resolved densities start at larger values, show a smaller range
and increase by a smaller fractional amount in the ﬁrst 60 min. The
size-dependence of particle densities may result from differences
in chemical composition, mixing state, and morphology, but the
effect of size is clearly phased out with aging. According to the
hygroscopic growth in Fig. S4, an interfacial aqueous phase should
form at RH over 90%e95%, which may enhance the coagulation of
particles and uptake of trace gases, facilitate heterogeneous reac-
tion, or promote gas-to-particle conversion, any of which may give
larger density values to the particles. As well, since, biomass
burning particles contain highly agglomerated structures, humidi-
ﬁcation may collapse their fractal structure; the dehydration of
these deliquesced particles by a Naﬁon tube prior to density mea-
surement may further make the particles more compact, yielding a
larger density (Lewis et al., 2009; Zhang et al., 2008).
Ensemble average densities of the smoke over the 4 h experi-
ment are displayed in Fig. 3c. Considering the uncertainty in
measurements, the density changes observed at 50%e55% RH via
DMA-APM-CPCmeasurements are similar to derived from themass
and volume concentrations in Fig. 1d, verifying that it is reasonable
to apply 1.30 g/cm3 as the effective density for APS data processing.
3.3. Evolution of smoke particle PM1.0 chemical composition
Samples of PM1.0 evolved at 45%e50% RH and 75%e80% RHwere
collected, and PM1.0 mass concentrations and chemical composi-
tions were analyzed. The results are displayed in Fig. 4 (details in SI,
Fig. S11). Emission factors of particulate chemical species in fresh
smoke PM1.0 were also estimated for all samples and presented in
Table 1. As the mass loading of the ﬁlter sample was determined
after conditioning at 40% RH for 24 h, adsorbed water will evapo-
rate to reach a new equilibrium, and so the calculated PM1.0 mass
concentration can be compared with that from AM510 measure-
ments. The results are in good agreement, as is clear by comparing
Fig. 4a and c.
Overall, about 61% of the mass of smoke PM1.0 is composed of
organic matter (OM) and approximately 11% is elemental carbon
(EC). The OM amount is derived from OC by multiplying a factor to
account for the hydrogen, oxygen, and other minor species in or-
ganics. In the literature, OM/OC ratio in smoke particles is highly
uncertain, ranging from 1.2 to 1.8, which would vary with source,Fig. 3. Time series of a) and b) size-classiﬁed smoke particle densities at 50%e55% RH and 9
100 nm smoke particles decreased below detection limit, resulting in data missing beyondaging level of aerosol, and burning conditions (Turpin and Lim,
2001; Reid et al., 2005). By applying a factor of 1.3 in our study,
well “closed”material balances are reached. A signiﬁcant fraction of
the organic compounds identiﬁed in the PM1.0 smoke particles are
water soluble, including organic acids listed in Table 1 (~2.3 wt.% of
PM1.0) The fresh particles also contain a considerable fraction of
water-soluble inorganic salts (~23.8 wt.% of PM1.0), which has im-
plications for their the hygroscopic properties and CCN activities
(Gunthe et al., 2009; Martins et al., 2009).
The inorganic fractions of PM1.0 increase by 1e2 wt.% within 4 h
evolution, and the aged smoke particles show a signiﬁcant
enrichment of sulfate and nitrate species associatedwith secondary
aerosol production. Fig. 4b and d display the time evolution of the
mass fractions of inorganic species under low and high RH condi-
tions. The mass ratio of the inert species Kþ and EC in smoke PM1.0
is about 0.69, and does not change over the experiment time; these
species can then be used to track changes in other components
with aging. The corresponded diagnostic ratios of fresh smoke
PM1.0 are summarized in Table 2, which are comparable to the
values in many documents. Kþ/EC ratio should be a more practical
parameter to distinguish the pyrogenic pollutants and make source
apportionment of biomass burning emissions than Kþ, levoglucose,
or Kþ/OC, as Kþ has additional signiﬁcant sources such as sea-salts,
fertilizers, and mineral dust, while levoglucose and OC represent
large uncertainties arising from burning conditions and extend of
photooxidation (Gao, 2003; Grieshop et al., 2009; Rastogi et al.,
2014).
The stable OC/EC ratio of 4.1 implies a weak gas-to-particle
partitioning of carbonaceous gases to the particle phase in the
chamber. By contrast, the ratio of Cl/Kþ decreases from 1.42 to 1.01
during evolution, which implies a signiﬁcant chloride loss from the
particles during aging in the dark chamber. Chloride loss may result
from decomposition of chlorine salts and/or heterogeneous re-
actions involving the formation of sulfate and nitrate, as both
SO4
2/EC and NO3
/SO4
2 increase, consistent with the results
from previous studies of biomass burning in Africa (Li, 2003; Hobbs
et al., 2003). Fig. 5 compares the loss of chloride to the gain in
charge equivalent of (nitrate þ sulfate) under low and high RH
conditions (see SI for details). The close balance between these two
suggests that displacement reactions are at least partly responsible
for the chloride loss. Conversion of SO2 to particulate sulfate could
occur through heterogeneous reactions of SO2, or via aqueous
phase oxidation within the particles. Nitrate may form from the
oxidation of nitrogen oxides and the subsequent reaction with
ammonia through homogenous and heterogeneous reactions
(Lelieveld and Heintzenberg, 1992; Kong et al., 2014; Seinfeld and
Pandis, 2012). An increase of the NH4
þ/EC ratio from ~0.17 to
~0.22 in PM1.0 suggests that gaseous NH3 is also deposited to the
particles and is thus available to participate in the reaction. Inter-
estingly, gas-to-particle conversion measured in the chamber0%e95% RH; c) size affected none particle densities at two distinct humidity conditions.
30 min evolution.
Fig. 4. Chemical evolutions of smoke PM1.0 under 45%e50% RH and 75%e80% RH. OM (particulate organic matter) equal to 1.3 fold of OC; others in the graph label mean sum of Naþ,
Mg2þ, and Ca2þ. RC/A is the equivalent charge ratio of total water soluble inorganic cations (Naþ, Kþ, NH4
þ , Mg2þ, Ca2þ) to anions (Cl, SO4
2 , NO3
). The rest chemical ratios are
mass concentration ratios. RIn/Or is mass ratio of water soluble inorganic salts to organics (OM þ EC). Detailed pie-graphs can be found in Fig. S11.
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which have shown an increase by 3e5 times of particulate inor-
ganic species in aged smoke (Hobbs et al., 2003).
From linear ﬁtting analysis of the chemical compound ratio
changes presented in Table S2, moisture obviously accelerates
chloride loss and sulfate, nitrate and ammonium gain in the smoke
particles. At RH values above 75%, an aqueous phase may form on
the smoke particles (as suggested by Fig. S4), whereas below 50%
RH, the interface can be considered as solid. At the higher RH, the
presence of liquid (or liquid-like) water at the smoke particle sur-
face is expected to facilitate heterogeneous reaction by increasing
the uptake of precursor gases and by activating or catalyzing
chemical transformations (Rubasinghege and Vicki, 2013). The
conversion of chlorides (including sea salts and alkali metal salts)
into the corresponding sulfate and nitrate has been demonstrated
to occur at interfaces (Gibson et al., 2006; Laskin, 2003). Similar
reaction mechanisms are probably involved in the conversion ofchloride in smoke particles. As no light is introduced in the
chamber, photochemical oxidation can be excluded, and the pro-
posed reaction mechanisms are shown in the SI.
Further changes in the particles are observed in TEM and EDX
images taken of fresh and 4-h aged smoke particles. As shown in
Fig. 6, amorphous carbonaceous particles are internally mixed with
inorganic salts in fresh samples. In agreement with the chemical
analysis discussed above, the salts associated with the smoke par-
ticles include KCl, as well as K- and Ca-sulfate and nitrate, mostly
coated by organics or coagulated in a “tar ball”. Overall, the
morphology of the fresh smoke particles is smoother than the
fractal microstructure of soot displayed in Fig. S8. After four hours
of aging in the chamber, the irregular particles and KCl crystals
evolve into coated spheres or collapsed aggregates. More K2SO4 and
KNO3 particles can be seen, consistent with the heterogeneous
displacement of chloride by sulfate and nitrate.
Fig. 5. Time series of equivalent molar charge ratio changes: a) smoke particles evolved at 45%~50% RH; b) smoke particles evolved at 75%e80% RH.
Table 1
Emission factors of particulate species in fresh smoke PM1.0 fromwheat
straw burning.
Chemical species (g/kg) Wheat straw
PM1.0 5.46 ± 0.38
OC 2.59 ± 0.14
EC 0.66 ± 0.04
Inorganic ions (g/kg) 1.39 ± 0.11
SO4
2 0.12 ± 0.06
Cl 0.57 ± 0.03
NO3
 0.03 ± 0.01
NO2
 0.01 ± 0.01
NH4
þ 0.12 ± 0.03
Kþ 0.46 ± 0.08
Ca2þ þ Naþ þ Mg2þ 0.05 ± 0.01
Organic Acids (mg/kg) 124.31 ± 25.17
CH3COOH 115.79 ± 21.94
MSA 6.83 ± 2.03
H2C2O4 1.69 ± 1.20
HCOOH ND
Note: fresh particles from wheat straw burning; emission factor means
emitted the amount of species produced from 1 kg wheat straw
burning; ND means not detected.
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The results above may be summarized thus: Fresh smoke par-
ticles contain about 25e30% by mass of inorganic ions, with the
balance comprising organic and elemental carbonaceous material.
These particles are hygroscopic, displaying an ensemble growth
factor of 1.28 at 80% RH. During the 4-h processing time in the dark,Table 2
Comparison of present measurements with earlier results. Values are expressed as mean
Samples MCE OC/EC Kþ/EC Cl/EC
Chamber, AR (dry), PM1.0 (fresh) 0.91 4.08 0.69 1.37
Field, BB, PM3.0 NA 4.30 0.60 0.56
Field, AR, PM2.5 0.91 5.03 1.30 1.80
Field, BB, TSP NA 8.47 0.62 0.25
Field, BB, PM2.5 NA 9.06 0.56 0.29
Field, BB, TSP NA 8.70 0.52 NA
Chamber, AR (dry), PM2.5 0.95 4.83 NA 1.45
Chamber, AR, PM2.5 NA 2.35 0.22 0.76
Field, AR, PM2.5 NA 5.86 NA NA
AR ¼ Agricultural Residues; BB¼ Biomass burning; NA¼Not available.fresh wheat smoke particles increase both their size and density, in
conjunction with the displacement of chloride by nitrate and sul-
fate and the uptake of ammonia. These effects are stronger at
higher relative humidity, consistent with the presence of an
aqueous coating on the particles at RH > ~75e80%.
The time evolution of chemical composition may partly explain
the observed density increase of smoke particles. The effective
density of smoke PM1.0 was estimated with weighted density and
proportion of individual chemical species (Fig. S12b, SI). By
comparing density proﬁles in Fig. S12b and Fig. 4c, it is clear that
the observed density increase of smoke particles could be simply a
consequence of chemical changes, at least at relative dry conditions
(45% < RH < 55%). In a more humid environment (RH > 90%),
morphology changes from evolution in the chamber and dehy-
dration at measurement should also contribute to any observed
particle density increase.
CCN activity of atmospheric particles is not only size-dependent,
chemical composition also plays vital role (Dusek et al., 2006). The
hygroscopicity parameter kH was proposed to quantitatively mea-
sure water uptake characteristics of smoke particles (Ye et al., 2013;
Petters et al., 2009). To assess CCN activity of smoke particles during
aging in the dark chamber we calculated kH for various samples.We
measure that fresh smoke particles have a kH of 0.27 (less-hygro-
scopic); the kH of the bulk carbonaceous materials (OMþ EC, OE) in
smoke particles is estimated to be 0.16 ± 0.07, implying a strong
role of organic species in CCN activity of smoke particles (Novakov
and Corrigan, 1996). These values are consistent with that from
ambient investigations (Rose et al., 2011). Assuming that dark aging
does not alter the hygroscopicity of OE, as chloride is displaced by
nitrate and sulfate, the kH of smoke particles should change to
reﬂect the contribution to the total hygroscopicity by these species..
SO4
2/EC NO3
/EC NH4
þ/EC Reference
0.15 0.24 0.17 This work
0.64 0.22 0.93 Andreae et al. (1998)
0.20 0.03 0.48 Li et al. (2007)
3.33 3.51 1.66 Rengarajan et al. (2007)
0.25 0.21 NA Akagi et al. (2011)
2.10 0.54 0.53 Rastogi et al. (2014)
0.13 0.03 0.40 Hayashi et al. (2014)
0.08 0.16 0.20 Sen et al. (2014)
2.88 1.63 NA Bisht et al. (2015)
Fig. 6. TEM images of single particles of fresh and 4 h aged smoke aerosol: morphology and chemical changes are apparent and indicated by arrows [chamber environment:
50% ± 2% RH, 19.7 ± 1.5 C].
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time-dependent contributions from the changing inorganic species
in the smoke particle (see SI for details). The kH was estimated to
decrease from 0.27 to 0.26 in 4 h aging (Fig. S13 b), indicating that
the changes in smoke particle CCN activation are not only driven by
photochemical aging of SOA (secondary organic aerosol) produc-
tion, but also dark aging from SIA (secondary inorganic aerosol)
formation (Engelhart et al., 2012; Giordano et al., 2013).
4. Conclusion and atmospheric implication
The nighttime evolution of agricultural waste burning particles,
under different conditions of RH, was investigated using an aerosol
chamber. The results imply that nocturnal ﬁeld burning emissions
are subject to rapid and extensive physiochemical processes in the
atmosphere.
As great contributor to atmospheric pollution, smoke particles
will inevitably be involved in nighttime atmospheric processes and
make themmore complicated. Dynamic changes in particle density
and size may increase pollutant mass loadings, while heteroge-
neous reactions facilitated by high relative humidities may produce
more water-soluble inorganic salts including sulfate and nitrate,
with consequent potential effects on haze and fog formation and on
human health. The transformation of chloride in smoke particles to
sulfate and nitrate may alter nighttime behaviors of gaseous pol-
lutants and the environmental effects of emitted smoke particles. In
particular, if the chloride is released as photochemically reactive Cl2
or ClNO2, this could have a large impact on early morning oxidation
chemistry in the smoke plume (Young et al., 2012; Riedel et al.,
2014). Although physiochemical changes of smoke particles are
less signiﬁcant than those upon photo-oxidation, nighttime aging
will endow smoke particle properties that are distinctly different
from fresh ones before secondary diurnal aging.
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